1. At present, several methods of obtaining high-current ion beam, which are based on the use of induction accelerators and are applied to inertial controlled fbsion (ICF) research, are being considered [l-31. To date, kiloampere ion beams with energies of several hundred keV have been produced in high-current linear induction accelerators (linac) with collective focusing [4-61. The power of HHCIBs for ICF purposes must be several orders greater, with rather stringent requirements on beam brightness. Therefore, when developing a driver for ICF on the basis of a high-current linac, it is necessary to investigate a number of important physical problems: (1) the formation of high-current beams in injector; (2) the provision of efficient magnetic insulation for accelerating gaps; (3) charge compensation of the ion beam in the transport channel and in the magneto-insulated accelerating gaps; (4) effective acceleration and stability of the ion beam in accelerating channel; and ( 5 ) transport, focusing, and space-time compression of HHCIBs.
optimize the process of the ion beam acceleration.
In this work, the investigation directed to: (1) reaching of the optimal relation between the external electric field parameters and the compensating electron beam parameters; (2) defining of the optimal thickness of annular beam at which the ion beam is effectively accelerated and at a time is remaining compensated and not losing a stability.
2. To describe the collisionless plasma dynamics of beams the set of relativistic Vlasov's equations for the distribution functions of particles f, ( p , 2,t)) in the axisymmetric (8/6W = 0) cylindrical geometry = (r,z) has been used for the investigation of the transient and stationary processes in linac (here momentum). The self-consistent electric I?(r,z) and magnetic B(r, z ) fields including in Vlasov's equations are determined by the Maxwell's equations, the right hands of which are defined as the zeroth and first moments of the distribution functions. From the set of Vlasov's equations can be obtained the set of the dynamic equations for div + --= 0 can be the particles. The Maxwell's equations using the Lorentz gauge reduced to the wave equations for the scalar O(r.2) and vector a(r,z) potentials. v/ = yr2e = P, --rA, , ( P, is the dimensionless generalized particle momentum), y=/ + + U + ty/r) + U is the relativistic factor, a,, = , / -is the electron plasma frequency, n,,,,m,,,e are the initial density, rest mass and charge of the electrons respectively, ce is the temperature of cold electrons. The initial velocity of a given sort (s) of particles is defined by the boundary conditions for the distribution functions at z = 0 :
JT(m,G,8,t) = S(ur)S(u, -U,,,)S(U~) for r,,, r 5 rmaX and U, > 0 . Here r,,, and r,, are the minimum and maximum beams radii respectively which define the initial r-coordinates of particles, U,, = v I / , / g , v, is a beams velocity. At ( r = 0 , r = rL ) the reflection regime is set. The particles exit free from the simulation region at z = z, . At the initial time the particles are absent in modeling region.
The set of equations and the initial and boundary conditions for the potentials and distribution functions are described in detail in [ 151.
The configuration of the external magnetic field is defined by the expression A, = -B,,/kl,(kr)cos(kz), where l,(kr) is the first order modified Bessel function, Bo is the amplitude of magnetic field, and k = K n/z, , K is total number of cusps.
The discrete model, which is developed for the study of both relativistic and nonrelativistic axisymmetric plasma configuration, is realized as 2.5-dimensional axisymmetric numerical code. The calculations were carried out using In simulation of the thick-walled high-current ion beam acceleration in linac for searching the optimal relation between the parameters of the accelerating electric field and the compensating electron beam energy the potential difference across the accelerating gap and the energy of the relativistic electron beam were varied. Hollow magnetized relativistic electron beam (Larmor radius r,, is substantially smaller than the size of the cusp L, and the chamber radius r L ) and high-current unmagnetized ion beam (Larmor radius rLI is more greater L, and rL)
were injected along z-axis. In all cases the beam current densities were equal to qenOeVe = qInOIV, . The ion beam velocity was V, = 0.285. The minimum and maximum beams Fig. 1 . Distribution of the total charge density p ( r , z ) , the scalar potential @ ( r , z ) and the total axial current densities j , ( r , z ) at t = 4400;,' for the case with additional electron injection into drift gap and thick-wall ion beam. Further (below) the results of three cases distinguished by the potential difference across one cusp are discussed. Fig. 1 illustrates the distribution of the total charge densities p(r,z) , the scalar potential @(r, z) and the total axial current densities j , ( r , z ) . The distributions presented in fig.1 show that the applied external electric field, which accelerates ions and retards electrons, does not prevent the electron beam drift through the accelerating gaps. From the hnctions j,(r,z) it is clearly seen that not only the charge but also the current compensation of the ion beam occur. The distribution functions f ( v ) of the electron and ion beams illustrate that the ion beam generally retains monoenergetic shape, because its spread in v, and vr does not exceed 10%. The electron beam spread in the velocities is nearly loo%, but this does not prevent the charge compensation of the ion beam by electrons, The preliminary injection of the thermal electrons into the drift gap upgrades the characteristics of HHCIB as shown in fig.2 in which the time dependencies of the mean ion beam velocities for the case without the thermal injection (*), and with one for two cases of the potential difference (0), and (+) are presented.
As a result of increasing the difference potential across the accelerating gap up to A@ = 30.0 (the electron beam velocity ve=0.8, y ~1 . 7 )
in variant (c) the kinetic energy of electron beam was zeb = (y -l)m,c' < eA@/2 . This case has demonstrated that the electrons focalize mainly in the first part of the cusp. The ion beam is accelerated at first and then one is decelerated as seen in fig.2 (+). The thermal electrons can not neutralized the space charge and current of the ion beam.
More optimal relation between the potential difference A@ = 15.0 and the electron beam energy was at the parameters ve = 0.85, y = 1.9. The kinetic energy of electron beam ceb = 18.0 was sufficient to overcome the potential difference. As a results the ion beam is accelerated and then its velocity is a constant (v,) = 30.0 in all time of simulation ( fig.2.0) . Fig. 1 illustrates that the self-consistent field of the positive charge is suppressed, and an additional focusing of ion beam by the negative space charge of the thermal electrons occur also. As a result the better characteristics of the ion beam can be produced in linac.
3. Results of the 2.5-dimensional numerical simulation of the hollow high-current ion beam (HHCIB) dynamics in two magnet-isolated accelerating gaps separated by the drift gap are presented. The previous study has shown that the good charge and current compensations of the ion beam by the specially injected in accelerating gap electron beam and the thermal electron injection into drift gap of the induction linac occur. With the aim of increasing the ion beam acceleration rate in the two cusps linac we have studied the optimal correlation between an accelerating electric field and an electron beam energy. We obtained the restriction on the wall thickness of annular HHCIB which ensure the following: (1) charge-and current compensation is homogeneous on the ion beam cross-section; (2) a penetration depth of the accelerating electric field is considerably greater than the beam wall thickness.
